where Ç 2 is the Laplace operator, r the space charge density, e the permittivity of the liquid phase, N the number of ionic species, z j and
INTRODUCTION
The flow field is governed by the Navier-Stokes equation (1) In a recent study, Zydney (1) analyzed the electrophoretic behavior of a spherical particle in a spherical cavity under the condition that Henry's Çr£ Å 0, [7] law (2) is applicable; i.e., the applied electric field is weak so that the hÇ 2 v Å Çp / rÇF, [8] distortion of the ion cloud surrounding the particle is negligible, and the disturbance in electrical potential distribution due to fluid flow is insignificant. The model proposed is applicable to an arbitrary thick electrical double where v is the fluid velocity, Ç the gradient operator, p the pressure, and layer at low electrical potentials. Although the system under consideration h the fluid viscosity. Here, the particle moves with velocity U in the z is essentially imaginary, it provides valuable information about the effect direction as a response to the applied electric field. For convenience, we of the presence of a rigid boundary on the electrophoretic behavior of a assume that the particle is stationary, but the fluid moves in the reverse particle. One of the interesting observations is that if an uncharged particle direction. The boundary conditions associated with Eqs. [7] and [8] are is placed in a negatively charged cavity, the direction of motion of the assumed to be particle may reverse as the ratio ka (reciprocal Debye length 1 particle radius) varies. The Poisson-Boltzmann equation was linearized in the theoretical development. This is realistic if the electrical potential is low, in £ r Å 0 and
general. Questions arise as to what is the criterion for a low electrical £ r Å 0U cos u and
[10] potential and whether this criterion is affected by the charged conditions on the interaction surfaces. These questions are discussed in this note.
where £ r and £ u are the components of v in the r and u directions, respectively.
THEORY
The z component of the electrostatic force acting on the particle, F Ez , can be calculated by We consider a nonconducting, spherical particle of radius a located at the center of a spherical cavity of radius b . A uniform electric field E in the z direction is applied. Suppose that the movement of the particle
[11] is slow so that the system is at a quasi-steady state and the distribution of ions follows the Boltzmann distribution. Then the electrical potential, F, is described by the Poisson -Boltzmann equation ( 3 ) where s denotes the surface charge density and dS the surface element of the particle. The z component of the hydrodynamic drag force, F Hz , can be Ç is necessary.
where (t r u ) a is the shear stress on the particle surface. The mobility of the RESULTS particle can be determined by the condition that the net force exerted on it vanishes at the steady state. We have Figure 1a shows the variation of the scaled mobility U * Å Uh / eF b E as a function of ka , k being the reciprocal Debye length. For the case F Ez / F Hz Å 0.
[13] in which the particle is uncharged and the cavity negatively charged, it from this figure, ÉU * L É will underestimate ÉU *É, in general. The variais defined as tions of the percentage deviation, É( U * 0 U * L ) / U *É 1 100%, and the absolute deviation, ÉU * 0 U * L É, as functions of ka are illustrated in Fig. 1b . Note that although the former diverges at the point U * vanishes,
it still provides valuable information. First, it suggests that the difference between U * and U * L is negligible if ka is small ( ß2 ) or large The scaled mobility based on the linearized Poisson -Boltzmann ( ®20 ) . Second, it reveals that the deviation in the electrophoretic mobility can be significant even if U * is appreciable. As an example, the equation, U * L Å U L h / eF b E , is also presented in Fig. 1a . As can be seen 
of l ( particle size / cavity size ) are illustrated in Figs. 2a and 2b , respecrelative deviation of U * L from U * is on the order of 15% at ka Å 3.3 tively. The former shows that ( ka ) max increases with l, and the latter ( or 5.2 ) , and U * is 0.15 ( or 00.15 ) at this ka . Figure 1b also shows that the absolute deviation, ÉU * 0 U * L É, has a maximum, ÉU * 0 reveals that ÉU * 0 U * L É max decreases with l. The variation of ÉU * 0 U * L É max , at a certain ka , (ka) max . For convenience, ( ka ) max is also de-U * L É max as a function of the absolute scaled surface potential of cavity Éf b É ( ÅÉF b Éz 1 e / kT , z 1 being the valence of the cation ) is illustrated in fined as the value of ka at which É( U * 0 U * L ) / U *É diverges ( or U * vanishes ) . The variations of ( ka ) max and ÉU * 0 U * L É max as functions Fig. 3 . This figure suggests that the higher Éf b É is, the greater the 3. Hunter, R. J., ''Foundations of Colloid Science.'' Oxford Univ. Press, For the case in which a particle is positively charged and a cavity Oxford, 1989 . uncharged, U * never vanishes, and, therefore, É( U * 0 U * L ) / U *É is 4. Happel, J., and Brenner, H., ''Low Reynolds Number Hydrodynamfinite. Figure 4 summarizes the variations of ( ka ) max and É( U * 0 ics.'' Martinus Nijhoff, The Hague, 1983. U * L ) / U *É max 1 100% as functions of l. Here, ( ka ) max is the value of 5. Canuto, C., Hussaini, M. Y., Quarteroni, A., and Zang, T. A., ka at which É( U * 0 U * L ) / U *É max 1 100% has the maximum. The ''Spectral Methods in Fluid Dynamics.'' Springer-Verlag, New variation of É( U * 0 U * L ) / U *É max 1 100% as a function of the absolute York, 1986. scaled surface potential of particle Éf a É ( ÅF a z 1 e / kT ) is shown in Fig.  5 . In general, the percentage deviation in the electrophoretic mobility Eric Lee is smaller than that if a particle is uncharged and a cavity negatively Jhih-Wei Chu charged, and the mobility based on the linearized Poisson -Boltzmann Jyh-Ping Hsu
